Infection with Neisseria meningitidis serogroup B (MenB) is a major cause of bacterial meningitis or sepsis (37) . Various "universal" MenB vaccines targeting multiple MenB strains are under development at the moment (34) . In general, protection against infections acquired after vaccination is based mainly on two immunological pillars: the induction of an immediate protective immune response and the formation of long-term immunological memory to prevent future infections. For meningococcal infections, vaccine-induced immediate protection is currently defined as serum bactericidal activity (SBA) (15) , which is mediated by class-switched, affinity-maturated antibodies produced by specific long-lived plasma cells (39) . The second major exponent of vaccine-induced protection, immunological memory, is established as a specific pool of memory B cells, required for low-grade self-renewal and the replenishment of plasma cells under homeostatic conditions (7) . Furthermore, memory B cells provide the potential to rapidly differentiate into novel antibody-producing plasma cells with even more adapted antibodies upon reexposure to antigen or infection (16, 24) . Understanding the mechanism by which meningococcal vaccines generate and sustain these Bcell subpopulations is essential in explaining and predicting the long-term efficacy of vaccines which mediate their protection through functional antibodies.
The generation of long-lived plasma cells and memory B cells specific for complex protein-based vaccines is associated with T-cell help. Naïve B cells recruited during this process grow exponentially in secondary lymphoid organs, either in extrafollicular foci as plasmablasts or in follicles, where they form germinal centers (GC). This latter process is T-cell dependent. Both the extrafollicular and the GC responses yield plasma cells, with only the GC-derived plasma cells being longlived. B-cell growth and plasma cell formation in extrafollicular foci are responsible for the fast production of specific antibodies, first, of the immunoglobulin M (IgM) isotype, followed by a class switch to IgG; however, this is not associated with affinity maturation (19, 31) . In contrast, B cells emerging from GC reactions, either as plasma cells or as memory B cells, have undergone B-cell receptor diversification via somatic hypermutation and are selected based on a high affinity for the antigen (12, 26) .
Hence, B cells involved in functional and sustained immunity against the immunodominant but variable major outer membrane protein PorA in outer membrane vesicle (OMV) MenB vaccines develop through GC reactions. The common PorA serosubtypes P1.7-2,4 and P1.5-1,2-2 share 93% of their amino acid contents, yet in clinical and preclinical vaccination studies, bactericidal antibody titers against the serosubtype P1.7-2,4 are consistently lower than those against the serosubtype P1.5-1,2-2 (11, 22) . To investigate whether this poor antibody outcome is linked to a lack of specific B-cell expansion, we analyzed the development of relevant class-switched B-cell types in different immune compartments of mice early after they underwent priming and boosting with different PorAbased vaccines. The data reveal that limited production and affinity maturation of the P1.7-2,4-specific IgG antibodies are associated with a partial cellular delay in the primary immune response but, unexpectedly, with a cellular overexpansion after boosting.
MATERIALS AND METHODS
Vaccines. OMV were prepared by extraction of bacteria with 0.5% deoxycholate (0.1 M Tris-HCl, 10 mM EDTA [pH 8.6]) and purified by differential centrifugation (14) . Both of the OMV vaccines used for the immunizations were obtained from class 3-and 4-deficient variants of isogenic PorA strains, TR52 (P1.5-1,2-2) and TR4 (P1.7-2,4) (33), in an H44/76 background, differing only in the PorA gene. The PorA protein content, as determined by scanning a 12% sodium dodecyl sulfate-polyacrylamide gel stained with Coomassie brilliant blue, was 77% for P1.7-2,4 OMV and 74% for P1.5-1,2-2 OMV. Class 2, 3, and 4 proteins were absent, and a small amount of class 5 protein was present. OMV contained 4 to 7.5% wild-type (L3) lipopolysaccharide (LPS) relative to the total protein content.
Liposomes were prepared as previously described (3), using recombinant PorA (rPorA), incorporated as the antigen, and an LpxL1 mutant of LPS (44) as the adjuvant. Briefly, the rPorAs P1.7-2,4 and P1.5-1,2-2 (a gift from Wyeth Vaccines, Pearl River, NY) were precipitated and dissolved in Tris-buffered saline containing 150 mM n-octyl ␤-D-glucopyranoside (Sigma, United Kingdom) to a final concentration of 200 g/ml. Meningococcal LPS was resuspended in 600 mM n-octyl ␤-D-glucopyranoside. A lipid film was obtained by solvent evaporation of dimyristoyl phosphatidylcholine (Rhône-Poulenc Rorer, Germany), dimyristoyl phosphatidylglycerol (a gift from Lipoïd GmbH, Germany), and cholesterol (Sigma, United Kingdom) in an 8:2:2 molar ratio. The film was solubilized in the PorA solution, forming mixed micelles (protein/lipid ratio of 25 g/mol), and LpxL1 was added (protein/adjuvant ratio of 2 [wt/wt]). Mixed micelles were rapidly diluted to form liposomes, which were pelleted by ultracentrifugation (160,000 ϫ g, 1 h), resuspended in Tris-buffered saline, filtered through sterile 0.2-m filters, and characterized as described by Arigita et al. (2) .
Immunizations and sample collection. Immunization experiments were approved by the local ethical committee for animal experiments. In duplicate sets of experiments, four groups of five specific-pathogen-free female BALB/c mice 6 to 8 weeks old (NVI, The Netherlands) were untreated or immunized subcutaneously (on days 0 and 28) with OMV, either with the P1.7-2,4 or the P1.5-1,2-2 serosubtype. One OMV dose consisted of 1.5 g of PorA in a 0.3-ml solution containing 0.45 mg of AlPO 4 as an adjuvant. Longitudinal serum samples from individual mice were collected at days 0 (preimmunization), 14, 28 (preboost) , and 42, until mice were sacrificed per group per experiment, either at day 0, 14, 28, or 42, and BM cells (from two femurs per mouse) and spleens were collected. Immunizations were scheduled such that organs of all groups could be collected and used on the same day for assay consistency. Sera were stored at Ϫ20°C, and tissues were further processed directly.
Additional groups of mice (five mice/group) were immunized with either the P1.7-2,4 or the P1.5-1,2-2 OMV or with the LpxL1-adjuvanted PorA-liposome mixture containing 1.5 g of either of the PorA types in phosphate-buffered saline (PBS) at day 0 and 28. Sera, femurs, and spleens were collected at day 42.
ELISA. PorA-specific IgM and IgG total antibody titers in sera were determined by enzyme-linked immunosorbent assay (ELISA) as described previously (22) . Briefly, ELISA plates (Immulon 2; Nunc) were coated with OMV (3 g protein/ml) in PBS (100 l/well) of the class 3-and 4-deficient variants of isogenic strains TR52 (P1.5-1,2-2) and TR4 (P1.7-2,4) and the PorA-deficient strain HI-5 (43) as a negative control and incubated overnight at room temperature (RT). After being coated, the plates were washed and incubated for 80 min at 37°C with threefold serial dilutions of the serum samples in PBS plus 0.05% Tween 80. Then, plates were washed and incubated at 37°C with goat anti-mouse IgM or an IgG-horseradish peroxidase conjugate (Southern Biotechnology Associates Inc., Birmingham, AL), diluted 1:5,000 in PBS plus 0.05% Tween 80 and 0.5% skim milk powder (100 l/well; Protifar; Nutricia, The Netherlands). After 80 min, plates were washed, and 100 l of the peroxidase substrate (3,3Ј,5,5Ј-tetramethylbenzidine with 0.01% H 2 O 2 in 0.11 M sodium acetate buffer [pH 5.5]) was added per well for 10 min at RT, followed by 100 l of 2 M H 2 SO 4 per well. IgG antibody titers were expressed as the average 10Log of the reciprocal serum dilutions giving 50% of the maximum optical density (OD max ) at 450 nm Ϯ standard error of the mean (SEM) per time point after immunization.
Avidity ELISA. The avidity of antibodies in sera was determined by two different variants of an ELISA elution method, using either an increasing concentration of the chaotropic agent sodium thiocyanate (NaSCN) (35) in combination with a fixed serum dilution (21) or a fixed NaSCN concentration (1.5 M) with increasing serum dilutions (45) . Briefly, in the fixed serum dilution method, plates were incubated with 100 l of serum dilution, previously determined to give ELISA results of 50% of the OD max at 450 nm (an OD of approximately 1.1). Plates were washed, and replicate wells were incubated for 15 min at RT with 100 l of increasing concentrations of NaSCN in PBS (0 to 5.0 M). Plates were washed and developed as described above. The avidity of the sera per group was calculated as the geometric mean of avidity (GMA) Ϯ SEM, corresponding to the geometric mean of the molar concentration of NaSCN required for a 50% reduction of the maximal absorbance in the absence of NaSCN. In the fixed NaSCN concentration method, sera were serially diluted in duplicate. After the incubation, one ELISA plate was incubated with 1.5 M NaSCN for 15 min at RT, and the duplicate plate was incubated with PBS. Then plates were washed and developed as described above. The titer after NaSCN treatment is a percentage of the original titer, and results per group are expressed as the GMA index {GMAI; where GMAI ϭ geometric mean [titer (ϩNaSCN)/titer (ϪNaSCN) ϫ 100]}.
Bactericidal assay. The SBA was tested against the isogenic PorA strains (TR52 and TR4) (33) , expressing normal amounts of class 1, 2/3, 4, and 5, and against HI-5, a PorA-deficient strain of H44/76 as a negative control. Briefly, sera were diluted 1:5 in Gey's balanced salt solution (Sigma, United Kingdom) plus 0.5% bovine serum albumin, complement inactivated (30 min 56°C), and incubated in serial dilutions with bacteria (10 4 CFU/ml) for 20 min at RT in 96-well plates. After baby rabbit complement (20% of total volume) was added, the time zero samples were taken out and plated on agar, and the 96-well plates were further incubated at 37°C for 60 min before being plated on GC agar supplemented with 1% IsoVitaleX (Becton Dickinson). CFU of time zero samples and serum dilutions were counted after being incubated for 18 to 20 h at 37°C and 5% CO 2 on GC agar supplemented with 1% IsoVitaleX. The serum bactericidal titer was calculated as the 2 Log of the reciprocal of the lowest serum dilution yielding Ն90% killing of the CFU counted on time zero plates Ϯ SEM. When reciprocals of dilutions exceeded 640 (2Log of Ͼ9.32), the serum was diluted 1:200 before complement inactivation.
Murine cell suspensions. BM cell suspensions were obtained by flushing both femoral bones per animal with complete medium, i.e., Iscove's medium (Gibco BRL), supplemented with 10% fetal calf serum (HyClone), ␤-mercaptoethanol, and penicillin-streptomycin-glutamine (Gibco BRL). Splenocyte suspensions were obtained by meshing spleens through 100-m-pore-size nylon filters, subsequent treatment with lysis buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , 0.1 mM EDTA in distilled water, 2 min, 4°C), and washing in complete medium. BM cells and splenocyte suspensions were counted using a TT CASY cell counter (Schärfe system, Reutlingen, Germany). BM cell suspensions and splenocyte suspensions contained on average 12.6 Ϯ 3.8 ϫ 10 6 and 42 Ϯ 9.2 ϫ 10 6 cells, per animal, respectively. No significant differences between these cell counts were observed for time points in the vaccination schedule or those between vaccines.
For the detection of splenic and BM plasma cells, splenocyte and BM suspensions, pooled per group, were used in a PorA-specific B-cell enzyme-linked immunospot (ELISPOT) assay directly ex vivo. For the detection of splenic memory B cells, splenocyte suspensions were first differentiated in vitro to become antibody-secreting cells (ASC) before being used in the B-cell ELISPOT assay. Briefly, cells were pooled per group and cultured at 3 ϫ 10 6 cells/ml for 5 days in complete medium in the presence of Pansorbin cells (Calbiochem), diluted 1:25,000, and 100 U/ml recombinant mouse interleukin-2 (Cetus, Emeryville, CA), as adapted from a method described by Nanan et al. (30) , and washed before use.
B-cell ELISPOT assay. A PorA-specific B-cell ELISPOT assay was developed based on previously described methods (28, 30) and optimized for the highly specific and sensitive detection of the immunodominant VR2 regions of P1.7-2,4 and P1.5-1,2-2 by using specific B-cell hybridomas as ASC (data not shown). Briefly, 96-well Multiscreen HTS plates (Millipore, Bedford, MA) were coated (overnight at 4°C with 0.1 M sodium carbonate buffer [pH 9.6], 100 l/well) with specific P1.7-2,4 or P1.5-1,2-2 OMV under optimized coating conditions of 25 g protein/ml or HI5 OMV as PorA-negative control (background) and with goat anti-mouse IgG (10 g/ml; Southern Biotechnologies, Birmingham, AL) as a positive control. When indicated, as described in Results, rPorA coated at 25 g/ml was used as a comparison. Plates were blocked (5% fetal calf serum in PBS, 30 min, 37°C) and washed three times with 200 l PBS. Then, 5-to 10-fold serially diluted fresh or cultured murine cell suspensions (ranging from 1 ϫ 10 to 1 ϫ 10 5 cells/ml), pooled per group, were incubated in duplicate or triplicate wells overnight (100 l/well), at 37°C in 5% CO 2 . Thereafter, cells were removed, and plates were washed three times with 200 l of 0.05% Tween 20 in PBS and incubated for 2 to 4 h (37°C) with 1:10,000 alkaline phosphatase-conjugated goat anti-mouse IgG (Southern Biotechnologies, Birmingham, AL). Plates were washed three times with 0.05% Tween 20 in PBS and once with PBS before being developed with an alkaline phosphatase conjugate substrate kit (Bio-Rad, Hercules, CA) in 0.1 M Tris, 0.1 M NaCl (pH 9.5) buffer for 20 to 40 min at RT. Then, plates were washed with water and allowed to dry, and spots were counted. Spots above the background from at least two countable cell dilutions were used and expressed as the geometric mean of spots per 10 6 plated BM or splenic cells and then multiplied by a variable factor to obtain the averaged amount of femoral BM ASC or the total amount of splenic ASC per animal. To establish a flow diagram of specific B-cell populations per animal, two femurs were estimated to contain 12.6% of the total mouse BM cells (6) .
Statistical analysis. IgG titers were expressed as 10Log values of the geometric mean titer for groups of mice Ϯ SEM. SBA titers are expressed as 2Log values of the averages of groups of mice. Differences between IgG and SBA titers and avidities from groups were considered significant at P values of Ͻ0.05, using a Student t test.
RESULTS
Early development of IgM and IgG titers specific for differently immunogenic PorAs. Previously, we found consistently lower and less functional PorA-specific IgG titers in mice at 6 weeks after immunization with P1.7-2,4 OMV (given at day 0 and day 28) than in mice immunized likewise with P1.5-1,2-2-specific OMV (22) . To establish when these serological differences arose, we analyzed sera from individual mice at days 0 (preimmunization), 14, 28 (preboost) , and 42 of the vaccination schedule in more detail for their development of specific IgM and IgG titers. Natural IgM antibodies could be detected against both PorAs in naïve mice. P1.5-1,2-2 IgM titers were 1.5 times (not significantly) higher than P1.7-2,4 IgM titers (Fig. 1A) . Immunization with OMV vaccine induced a temporal threefold increase in IgM titer specific for P1.7-2,4, compared to a fivefold increase in IgM for P1.5-1,2-2, as measured at day 14, which resulted in a statistically higher IgM titer against P1.5-1,2-2 at days 14 and 28 (P Ͻ 0.01 and P ϭ 0.02, respectively). Upon boosting, IgM levels specific for P1.7-2,4 but not for P1.5-1,2-2 increased again by a factor of 2, so that the difference was no longer statistically significant.
IgG titers (10Log values) against P1.7-2,4 were significantly lower than those against P1.5-1,2-2 at day 14 (1.49 versus 2.58, respectively; P Ͻ 0.001) (Fig. 1B, bars) and day 28 (2.61 versus 3.67, respectively; P Ͻ 0.01). At day 42, the difference between the IgG titers for the two vaccines was no longer significant (3.81 versus 4.16, respectively), partly due to the smaller amount of cumulative serum samples at this time point per group (n ϭ 10).
Functionality and avidity of induced PorA-specific IgG antibodies. Sera of individual mice were tested in a bactericidal assay. SBA titers (2Log values) against P1.7-2,4 were significantly lower at all three time points after immunization than those established against P1.5-1,2-2 (P Ͻ 0.001) (Fig. 1C) . Together the serological data suggest that the differences in immunogenicity between P1.7-2,4 and P1.5-1,2-2 are established early in the primary immune response. Hence, while class switching to IgG antibodies occurred in response to both PorA serosubtypes, anti-P1.5-1,2-2 IgG levels not only rose more rapidly but were more functional in SBA than anti-P1.7-2,4 IgG levels.
To compare the affinity maturations of the IgG antibodies, as measured by an increase in avidity of antibody-antigen interactions over time, individual serum samples were tested in a fixed serum dilution assay. The avidity of P1.7-2,4-specific IgG was significantly lower at all three time points (P Ͻ 0.001, P Ͻ 0.01, and P Ͻ 0.001, respectively) (Fig. 1B, triangles) than the IgG avidity established for P1.5-1,2-2 (Fig. 1A, squares) . In addition, the avidity maturation for P1.7-2,4, but not for P1.5-1,2-2, was already arrested at day 14 in the primary immune response and required boosting to further increase.
Development of P1.7-2,4-and P1.5-1,2-2-specific plasma cells and memory B cells in the spleen. To assess whether the serological differences observed for the anti-PorA response correlated with differences in B-cell dynamics, we studied cell suspensions derived from spleen and BM cells, the presumed sites for short-lived plasma cells and memory B cells on the one hand and long-lived plasma cells on the other hand (38, 40) , at different time points of the immune response, using an optimized PorA-specific B-cell ELISPOT assay. First, splenocyte suspensions were freshly isolated at days 0 (preimmunization), 14, 28 (preboost), and 42 of the OMV immunization schedule and were pooled per group for analysis. When directly tested with the ELISPOT assay, modest, comparable numbers of splenic ASC per animal were found for P1.7-2,4 and P1.5-1,2-2 at day 14 after priming. Then, the numbers increased slightly higher for P1.7-2,4 but remained stable for P1.5-1,2-2 ( Fig. 2A) .
When splenic memory B-cell numbers were assessed, by counting ASC after in vitro differentiation of splenocytes, larger expansions and more pronounced differences were observed between time points and PorA types (Fig. 2B) . While specific antibody-secreting cultured splenocytes from nonvaccinated mice were hardly detectable, significant numbers of PorA-specific memory B cells per spleen were revealed at day 14 after priming, albeit at a threefold lower level for P1.7-2,4 than for P1.5-1,2-2 (588 versus 1,884, respectively, in a representative experiment of two replicates). At day 28 after immunization, these numbers had increased further for both antigens but relatively faster for P1.7-2,4 (to 2,241 versus 3,949, respectively). At day 42, 2 weeks after the booster vaccination, the number of P1.7-2,4-specific splenic memory B cells had exponentially augmented further to 10,554, while those specific for P1.5-1,2-2 remained unchanged.
Arrival of P1.7-2,4-and P1.5-1,2-2-specific plasma cells in the bone marrow. Numbers of PorA-specific ASC in BM cell suspensions steadily increased with time. In one representative experiment of two, numbers of P1.7-2,4-and P1.5-1,2-2-specific ASC per two femurs were induced from an undetectable level at day 0 to 197 versus 246, respectively, at day 14 (Fig.  2C) . Two weeks later, these numbers had increased at the same rate (460 versus 586, respectively). At day 42, however, following boosting, the number of femoral P1.7-2,4-specific ASC per animal had doubled (1,025), while the number of P1.5-1,2-2-specific ASC remained unaltered (585). Hence, while functional antibody titers still increased and maturated for P1.5-1,2-2 after boosting, this was not paralleled by a further expansion of BM plasma cells or splenic plasma cells, rather suggesting an ongoing refinement or replacement of the P1.5-1,2-2-specific antibody-secreting cellular compartment. In contrast, boosting induced further expansion of the less productive and lower-affinity P1.7-2,4-specific BM cells and splenic plasma cells and of P1.7-2,4-specific splenic memory B cells by a factor ranging from 2 to 5, thereby greatly outnumbering their counterparts involved in the P1.5-1,2-2 response.
Hyperproliferation at day 42 of the B-cell response to the P1.7-2,4 antigen is independent of the vaccine formulation. To investigate whether the larger number of B cells involved in the boosting phase of the P1.7-2,4 response could also be observed irrespective of the vaccine formulation of the P1.7-2,4 antigen, we compared the numbers of day 42 IgG titers, BM plasma cells, and splenic memory B-cells of mice immunized with OMV or with PorA-liposomes, containing equal amounts of the P1.7-2,4 or P1.5-1,2-2 proteins per dose as OMV and LpxL1, a genetically modified form of neisserial LPS, as an adjuvant. The P1.7-2,4 IgG titers were lower than the P1.5-1,2-2 IgG titers, in both the PorA-liposome-and the OMVvaccinated groups (P ϭ 0.057 and P ϭ 0.01, respectively) (Fig.  3, black bars) . Trends in bactericidal activity and avidity were also in accordance with those in earlier findings, with SBA titers and avidity indices against P1.7-2,4 significantly lower for both the PorA-liposome-and the OMV-vaccinated groups at day 42 (SBA, P Ͻ 0.01 and P Ͻ 0.01, respectively) (Fig. 3) . ELISPOT assay results showed that BM plasma cells from liposomeimmunized mice were 2 to 3 times more numerous for P1.7-2,4 than for P1.5-1,2-2 at day 42, independent of whether OMV or rPorA was used as the coating antigen in ELISPOT assays (Fig. 4A) . The average number of specific splenic memory B cells per mouse was also higher at day 42 for P1.7-2,4 than for P1.5-1,2-2 (Fig. 4B) . This indicates that the overexpansion of P1.7-2,4-specific memory B cells and plasma cells at this stage of the anti-PorA response is caused by intrinsic properties of the P1.7-2,4 antigen and not by formulation differences.
DISCUSSION
P1.7-2,4 is the predominant disease-causing PorA serosubtype of MenB in western Europe and New Zealand (5, 25), suggesting a weak natural immunity against this porin. It is also the main antigen of the MeNZB vaccine, the OMV vaccine introduced to protect against the strain circulating in New Zealand (32) . Bactericidal antibodies against this serosubtype are induced less easily than against others (11, 22) . In this study, we investigated for the first time the specific B-cell dynamics underlying the serological response to this relevant vaccine antigen in comparison to its more immunogenic natural homologue P1.5-1,2-2, using a mouse model. Poorer immunogenicity of the P1.7-2,4 serosubtype, as characterized by relatively impaired secretion, function, and affinity maturation of IgG antibodies after OMV priming and boosting, was not associated with a relative lack of specific B cells arising against P1.7-2,4. Instead, an unexpected hyperproliferation of P1.7-2,4-specific B-cell types occurred. Similar serological endpoints and cellular trends were obtained when mice were vaccinated with adjuvanted PorA-liposomes, indicating that the differences between the P1.7-2,4 and the P1.5-1,2-2 B-cell responses are caused by intrinsic properties of the porins and not by their OMV context.
Studies of vaccine-induced development of B-cell populations involved in humoral protection against pathogens are scarce. Our data reveal for the first time that the ultimate size of specific B-cell populations involved in vaccine responses may not correlate linearly with the quality of the antibody response (summarized as a model of PorA-specific B-cell development in Fig. 5 ). The specific B-cell response against the immunogen P1.5-1,2-2, associated with the most functional and high-affinity antibody responses, differs not only in absolute but also in relative cell numbers from that of the P1.7-2,4-specific B-cell response. When they were extrapolated to total numbers per animal, the splenic memory B cells and BM plasma cells specific for P1.5-1,2-2 developed at a stable 1:1 ratio throughout the immune response, while the ratio of P1.7-2,4-specific memory B cells to BM plasma cells increased over time. Ultimately, expansion of the P1.5-1,2-2 B-cell types was arrested after day 28, while the P1.7-2,4 B-cell types continued to proliferate, eventually outnumbering their P1.5-1,2-2-specific counterparts by a factor of 2. These qualitative and quantitative differences between the two immune responses observed 2 weeks after booster vaccination were stable for at least 1 year (T. Luijkx, unpublished data). What the two immune responses had in common was that the BM and not the spleen was the primary anatomical site of PorA-specific ASC in vaccinated mice, as was also recently reported for another PorA serosubtype, P1.19,15, by Cruz et al. (9) .
The emergence of high-affinity IgG levels after vaccination with complex protein antigens reflects the development of a T-cell-dependent GC reaction. In such secondary lymphoid structures, naïve B cells with initially low affinities for antigen clonally expand and somatically hypermutate their Ig genes before being selected based on competition for antigen (10, 17, 41) . End-differentiated plasma cells emerging from these GC reactions from the second week after initial antigen exposure have been proposed to represent those cells that have undergone this process of affinity maturation most successfully (23, 26) . Hence, assuming an unlimited naïve B-cell repertoire for any given antigen, the typical differences observed between the P1.7-2,4-and the P.15-1,2-2-specific B-cell responses in our vaccination model should be accounted for by selective checkpoints during GC reactions. Although events critical for the outcome of GC reactions are still being explored, at least three antigen-related parameters should be taken into account. First, a number of studies have implied that secretion of IgM is a prerequisite for optimal induction and formation of GC reactions and IgG production (8, 13) . Low natural IgM antibody titers were detected against both PorAs, P1.5-1,2-2 IgM titers not being significantly higher than P1.7-2,4 IgM titers (8.3 versus 5.4, respectively) in naïve mice. Our data indicate that if the level of natural IgM secretion can determine poor or successful PorA-specific GC development and final functional outcome, then differences in titers smaller than a factor of 1.5 are discriminative. Second, another important event required for naïve B cells to enter and leave GC reactions is cognate T-cell help (26) (Fig. 5a ). Over 90% of identical meningococcal porins diverge mostly at their surface-exposed hypervariable loops (VR1 and VR2), leaving considerable membrane-embedded conserved parts of the protein available for shared T-cell epitope generation. Preliminary studies indicate that T cells from PorA-immunized mice (H-2 d and H-2 b ), as well as human T-cell lines specific for conserved as well as variable PorA epitopes, are consistently less reactive against P1.7-2,4 than against P1.5-1,2-2 (C. van Els, unpublished data). This could indicate that the extent of P1.7-2,4 T-cell help could be a limiting factor in the outcome of P1.7-2,4-specific GC reactions. More research, however, is needed to elucidate the role of PorA T-cell specificities in the humoral response. Third, at different stages of the GC reaction, the local presence of intact antigen is required: both entry into the GC cycle and survival of GC B cells are affinity-based competitive mechanisms driven by antigen (4, 20, 27) . Follicular dendritic cells have been implicated in providing a local depot of antigen by capturing immune complexes via their Fc␥R and complement receptors (42) , although this mechanism has been debated (17, 18) . Affinity maturation of the P1.7-2,4-specific IgG B-cell response was impaired, and boosting with antigen was required for further maturation, indicating that the local depot of antigen might have been limited. Studies to investigate the persistence of local antigen in P1.7-2,4 and P1.5-1,2-2 GC reactions in tissue sections are ongoing.
Hence, although further studies are needed to clarify which factors have limited the affinity maturation of the P1.7-2,4 response, our study demonstrated a hitherto unknown association between this arrest and an unrestrained, rather than inhibited, secondary proliferation of specific B cells. This is reminiscent of the GC congestion observed for genetically manipulated mice that lack factors that regulate somatic hypermutation or terminal differentiation (1, 29) . Hence, our data suggest for the first time that poor affinity maturation and unrestrained secondary B-cell proliferation might be physiologically relevant linked phenomena in response to vaccine antigens in wild-type hosts. Following boosting, the numbers of plasma cells that relocated to the BM and those of splenic memory B cells specific for P1.7-2,4 were at least twice the numbers specific for P1.5-1,2-2. These striking differences were maintained for a minimum of 57 weeks (T. Luijkx, unpublished data). This implies that upon vaccination, the long-term B-cell niches in BM and spleen might be dominated by those specificities associated with the poorest functional antibody titers. Consequently, if old B-cell specificities in lymphoid survival niches are gradually replaced by new ones, as proposed by Radbruch and colleagues (36) , then antibody responses mediated by high-affinity but lessdominant plasma cell populations might wane more rapidly than those mediated by low-affinity but more-abundant plasma cell populations. Preexisting antibody and B-cell memory against multiple meningococcal outer membrane porins are important correlates of protection against infection with serogroup B meningococci. A better understanding of factors that drive successful affinity maturation and regulation of B-cell population size, also against poor immunogens, is important to improve vaccine-induced immune responses.
